Abstract We determine spectral indices of 228 pulsars by using Parkes pulsar data observed at 1.4 GHz, among which 200 spectra are newly determined. The indices are distributed in the range from −4.84 to −0.46. Together with known pulsar spectra from literature, we tried to find clues to pulsar emission process. The weak correlations between the spectral index and the spin-down energy loss rateĖ and the potential drop in the polar gap ∆Ψ hint that emission properties are related to particle acceleration process in a pulsar's magnetosphere.
INTRODUCTION
Pulsar emission mechanism is a long standing problem since the discovery of the first pulsar in 1968 (Hewish et al., 1968) . There has been much effort to understand emission properties on both observational and theorectical aspects. Based on observations, cone and core components, which have different spectral indices and polarization properties, have been identified from mean pulsar profiles (Rankin, 1983) . Theoretically, it is not clear yet whether the emission is generated above the polar cap or near the light cylinder though radio polarization angle curves hint for the region near the polar cap (Radhakrishnan & Cooke, 1969; Komesaroff, 1970) , while multi-band observations of the Crab pulsar show that the emission comes from the very outer region near the light cylinder in pulsar magnetosphere (Moffett & Hankins, 1996) . Very steep spectra and very high temperature of pulsar emission are very intriguing, which implies that the emission is generated by a bunch of particles in a coherent mode (Melrose, 2006) when they drift out in pulsar magnetosphere. Because of scintillation due to motion of irregular clumps of interstellar medium, the radio flux densities of point sources such as nearby pulsars are difficult to measure especially at low frequencies. Previously flux densities of pulsars have to be measured at many epochs at several frequencies, and then are averaged and fitted for spectral indexes to overcome different scintillation at different frequencies.
The flux density measurements S ν observed at a number of frequencies ν are fitted by a power law, S ν ∼ ν α to get a spectral index, α. Pulsar spectral indices have previously been determined from measurements in wide frequency ranges (see Table 1 ). Sieber (1973) made the first extensive analysis of spectra of 27 pulsars observed with the German 100 m and 25 m telescopes combined with flux densities published in literature, and found the turn-over behaviour at low frequencies and spectral break at high frequencies. Malofeev et al. (1994) published spectra for 45 pulsars by using flux densities over a wide frequency range from 0.1 GHz to 30 GHz. A comprehensive database for pulsar flux densities of 280 pulsars from 0.4 GHz to 1.6 GHz was published by Lorimer et al. (1995) . They found a weak inverse correlation between spectral index and characteristic age for normal pulsars and a strong positive correlation between spectral index and period for millisecond pulsars. Toscano et al. (1998) published flux densities for 216 southern pulsars and 19 millisecond pulsars between 436 MHz and 1660 MHz and showed that normal pulsars have a spectral index between −3.5 and +0.5 with a peak around −1.7, while millisecond pulsars have spectral indices in a narrow range between −3 and −1. Kramer et al. (1998) also analyzed spectra of 23 millisecond pulsars and found the indices distribute in the range from −1.0 to −2.0, which is much narrower than the range for normal pulsars. Kijak et al. (1998) analyzed pulse shape at 4.85 GHz and determined spectral indices from flux densities at 1.4 GHz and 4.85 GHz for 144 weak pulsars, and showed the spectral index distribution peaks around −1.8 in the range of −3.7 ∼ −0.3. Maron et al. (2000) collected flux densities between 0.4 GHz to 23 GHz in literature and analyzed spectra for 281 pulsars, and found that some pulsars have a spectral break near 1 GHz or lower frequencies, which are probably due to some components disappearing at high frequencies as noticed previously (Sieber et al., 1975; Izvekova et al., 1979; Kramer et al., 1999) . In this paper, we present new measurements for flux densities of 228 pulsars at the 4 sub-bands within a total bandwidth of 256 MHz around 1.4 GHz observed with the Parkes 64 m telescope, from which spectral indices are determined. In Section 2, we describe our observations and data reduction procedures. In Section 3, our results are compared with data in literatures, and the spectral indices are correlated with pulsar characteristic parameters to seek any hint for emission process. The conclusions are given in Section 4.
OBSERVATIONS AND DATA REDUCTION
About 500 pulsars have been observed with the Parkes telescope between 2006 August and 2008 February. Data were taken by using the central beam of the multibeam receiver at a central frequency of 1369 MHz and a bandwidth of 256 MHz, with one session in 2007 March exceptionally in which the H-OH receiver was used to observe at a central frequency of 1433 MHz. These observations are all well-calibrated with the on and off observations of the strong radio source Hydra A, which has a flux density of 43 Jy at 1400 MHz. All data are on-line folded to produce mean pulse profiles in every 1-minute sub-integrations for 512 frequency channels.
In the offline data reduction, we cleaned the radio frequency interference in channal-time datecube by removing some bad channels and some strong term interference in the wide band. We then obtained the mean pulsar profiles in four sub-bands by summing data of all sub-intergrations and two polarizations, and measured the pulsar mean flux densities at these four sub-bands, as listed in Table 2 . The uncertainty of the mean flux density was estimated from the standard deviation of off-pulse window and the sampling number of the on-pulse window.
To get the spectral index, we applied a weighted least-squares approach by fitting a power law to the mean flux densities at these four sub-bands, and calculated the standard error σ α of α by the χ 2 minimization technique. We found that most pulsars either scintillate or are too weak at some or all subbands, which means that we can not properly fit the spectral index. Only when pulsar dispersion measure DM > ∼ 100 cm −3 pc and pulsars are strong enough, the scintillation effect can be averaged out. Fig. 1 The flux densities at 4 subbands are fitted for spectral indices of 228 pulsars. Both the X-axis for the frequency and Y-axis for the flux density are plotted in the logarithm scale. To be continued in the next pages. The flux densities of these pulsars at four sub-bands are fitted with a power law to get the spectral indices as shown in Figure 1 .
RESULTS AND DISCUSSIONS
We calculated the flux densities of 228 pulsars at four sub-bands which can be consistently fitted with a power law, as listed in Table 2 . Note that previously, pulsars were observed for spectral indices using different telescopes by different authors, and/or calibrated by different sources or processed with different procedures, which may introduce different systematical uncertainties. Our measurements presented here are carried out in a relatively smaller frequency range, and the flux densities are measured by one set of instruments in one wide band observation and are consistently calibrated by one source with the same procedure, which can avoid not only systematical uncertainties but also pulsar flux density changes due to long-term deflective or reflective scintillation effects. The spectral indices we obtained are distributed in the range of −4.8 to −0.5, with a peak around −2.2, as showed in Figure 2 . We also compiled spectral indices of pulsars in the literature. Previously, spectral indices have been determined for 426 pulsars (Sieber, 1973; Kramer et al., 1998; Malofeev et al., 1994; Lorimer et al., 1995; Toscano et al., 1998; Kijak et al., 1998; Maron et al., 2000; Sieber et al., 1975; Izvekova et al., 1979; Kramer et al., 1999; Cordes, 1978; Dembska et al., 2014; Bates et al., 2011; Slee et al., 1986; Deneva et al., 2009; Foster et al., 1991; Hobbs et al., 2011; Joshi et al., 2009; Lambert & Rickett, 1999; Lommen et al., 2000; Lorimer & Xilouris, 2000; McLaughlin et al., 2002; Malofeev, 1996; Malofeev et al., 2000; Rankin et al., 1970; Robinson et al., 1968) . In our sample, 28 pulsars have their spectral indices determined in the literature, and 200 weak pulsars have newly determined spectral indices. We compared the spectral indices of 28 pulsars we measured with those in literature in Table 3 , and found that our values are systematically steeper. Our results seem to be reasonable because the frequency range for flux densities we measured is at the high end of the multi-frequency wide range in literature and because flux densities at lower frequencies always show the turn-over which causes a global flat spectrum.
To find clues for pulsar emission process, we plot in Figure 3 the spectral indices of pulsars against pulsar rotation period P , the spin-down rateṖ , and the characteristic age τ = P/2Ṗ , the surface magnetic field strength B S ∝ PṖ , the spin-down energy loss rateĖ ∝Ṗ /P 3 , and also the potential Table 4 The Spearman rank correlation parameters for spectral indices against P , τ ,Ṗ , B,Ė and ∆Ψ for 372 normal pulsars in literature (r 0 ) and 224 normal pulsars (excluded 4 millisecond pulsars) in our sample (r) as well as 572 pulsars in the combined sample (r ′ ). drop in the polar gap ∆Ψ ∝ P −3/2Ṗ 1/2 which is related to particle acceleration. The spearman rank correlation parameter (r) is used to describe the degree of correlation (Press et al., 1992) , in which r = 1 stands for strong correlation and r = 0 for no correlation. We confirm the conclusion of previous authors (e.g. Lorimer et al., 1995) that there are some very weak correlations (r ∼ 0.3) between spectral indices andĖ and ∆Ψ (see Table 4 ), which implies that the emission properties are physically related to particle acceleration process.
CONCLUSIONS
We obtained the flux densities at the 4 subbands for 228 pulsars observed the Parkes 64 m telescope at 1.4 GHz, and determined their spectral indices, among which 200 are obtained for the first time. The indices have a broad distribution in the range of −4.8 to −0.5. Such observations for getting spectral indices have a few advantages: 1) flux densities are measured by a single instrument and calibrated with a consistent approach using the same flux calibrator, 2) one observation session can avoid the short-term scintillation effect when the DM is large enough and also avoid the long-term flux changes due to diffractive and reflective scintillation, 3) in such a small frequency range the profile components would not disappear quickly. The disadvantage is that the uncertainty associated with such a determined spectral index is large due to the limited frequency range. The best spectral measurements in future Fig. 3 Spectral indices we determined (dots) and those in literatures (cross) are plotted against pulsar characteristic parameters: period P , period derivativeṖ , age τ , and surface magnetic fields B, spin-down luminosityĖ, and polar gap potential drop ∆Ψ. The Spearman rank correlation parameters are marked for normal pulsars in literature (r 0 ) and in our sample (r) as well as the combined sample (r ′ ).
would be made for each profile component within one ultra wide band. The weak correlations between spectral indexes andĖ and ∆Ψ imply that the radiation properties are physically related to particle acceleration process.
